Nucleotide-binding (NB-ARC), leucine-rich-repeat genes (NLRs) account for 60.8% of resistance (R) genes molecularly characterized from plants. NLRs exist as large gene families prone to tandem duplication and transposition, with high sequence diversity among crops and their wild relatives. This diversity can be a source of new disease resistance, but difficulty in distinguishing specific sequences from homologous gene family members hinders characterization of resistance for improving crop varieties. Current genome sequencing and assembly technologies, especially those using long-read sequencing, are improving resolution of repeat-rich genomic regions and clarifying locations of duplicated genes, such as NLRs. Using the conserved NB-ARC domain as a model, 231 tentative NB-ARC loci were identified in a highly contiguous genome assembly of sugar beet, revealing diverged and truncated NB-ARC signatures as well as full-length sequences. The NB-ARC-associated proteins contained NLR resistance gene domains, including TIR, CC and LRR, as well as other integrated domains. Phylogenetic relationships of partial and complete domains were determined, and patterns of physical clustering in the genome were evaluated. Comparison of sugar beet NB-ARC domains to validated R-genes from monocots and eudicots suggested extensive Beta vulgaris-specific subfamily expansions. The NLR landscape in the rhizomania resistance conferring Rz region of Chromosome 3 was characterized, identifying 26 NLR-like sequences spanning 20 MB. This work presents the first detailed view of NLR family composition in a member of the Caryophyllales, builds a foundation for additional disease resistance work in B. vulgaris, and demonstrates an additional nucleic-acid-based method for NLR prediction in non-model plant species.
INTRODUCTION
A wide range of organisms threaten the productivity of beets (Beta vulgaris L.), including bacteria, fungi, viruses and nematodes (Harveson et al., 2009; Stevanato et al., 2014 Stevanato et al., , 2015 Leucker et al., 2016; Webb et al., 2016; De Lucchi et al., 2017) . Sugar beet growers expend significant time and money protecting crops from pathogens, whether through chemical treatments, use of resistant varieties or pursuing cultural practices. Deploying genetic resistance is a proven way to protect crop production, while reducing costs and environmental impacts of agriculture (for review, see Boyd et al., 2013) . Because of this, disease resistance is one of the more important traits pursued by plant breeders. Complexities of the beet breeding system (e.g. selfincompatibility, biennial lifecycle) have generally precluded deep understanding of the inheritance and genetics of most disease resistance traits in sugar beet.
The NB-ARC protein domain is a nucleotide-binding (NB) domain initially found in human Apaf1, plant R-genes and Caenorhabditis elegans Ced4 (van der Biezen and Jones, 1998) . The majority (60.8%) of R-genes cloned to date contain NB-ARC and leucine-rich repeat (LRR) motifs, which have been implicated in gene-for-gene resistance to pathogens (Jones and Dangl, 2006; McHale et al., 2006; Maekawa et al., 2011; Kourelis and van der Hoorn, 2018) . NB-ARC-LRR (NLR) genes often exist as large, homologous gene families with conserved NB domains along with variable signaling, perception and aggregation domains (Steinbrenner et al., 2015; Wang et al., 2015; Casey et al., 2016; Duxbury et al., 2016) . Two common signaling domains are coiled-coil (CC) and Toll-interleukin1-receptorlike (TIR) at the N-terminus, and LRR domains are common at the C-terminus. NLR exist in smaller families in mammalian systems (e.g.~25 genes in humans) compared with hundreds of copies in plants (Maekawa et al., 2011; Sarris et al., 2016) . Historically these genes have been difficult to identify via nucleotide sequence searches . A recurring strategy in resistance gene identification has been to use the conserved NB-ARC domain as a predictor of putative resistance genes (Meyers et al., 2003; Monosi et al., 2004; Jupe et al., 2012; Christopoulou et al., 2015) Target-capture methods to enrich NLR-like sequences from genomic DNA, followed by motif-based annotation of CC, TIR, NB-ARC and LRR domains is a promising additional means to identify potential R-genes (Jupe et al., 2013; Andolfo et al., 2014; Steuernagel et al., 2015) .
Beyond the classical gene-for-gene hypothesis of disease resistance (Flor, 1942) , experimental evidence shows that higher-order NLR complexes play an important role in many host-pathogen interactions (Belkhadir et al., 2004; Sinapidou et al., 2004; Loutre et al., 2009; Yuan et al., 2011; C esari et al., 2014; Huh et al., 2017) . Multiple schemes for pathogen detection by NLRs have been established, including direct recognition of pathogen components, indirect recognition of pathogen effectors, and integration of target domains into host NLRs (for review, see Li et al., 2015; Jones et al., 2016; Kourelis and van der Hoorn, 2018) . Pairs of interacting NLRs are common, and the classic CC/TIR-NB-ARC-LRR domain organization is present across multiple interacting proteins, such that domains missing in one protein may be complemented by a partner (Hayashi et al., 2010; Bonardi et al., 2011; Nishimura et al., 2017) . Determining the NLR complement in B. vulgaris should provide the basis for identification and deployment of new resistance genes for crop protection.
One of the most widely-deployed traits in the sugar beet industry, and one whose genetic basis is better known, is resistance to the root disease rhizomania, which is caused by Beet necrotic yellow vein virus (BNYVV; Biancardi et al., 2002; Biancardi and Tamada, 2016) . Rhizomania ('crazy root') is found worldwide, with symptoms of deformed hairy roots leading to reduced sugar yield. The only current control is genetic resistance conferred by either of two loci, Rz1 and/or Rz2. These loci segregate as dominant, monogenic traits located between 5 and 25 cM from one another on Chromosome 3 (Lewellen, 1991; Barzen et al., 1992 Barzen et al., , 1997 Scholten et al., 1999) . The molecular basis of Rz1 resistance is unknown. The nucleotide sequence of Rz2 shows a classic CC-NLR located on Chromosome 3 (Capistrano- Gossmann et al., 2017) . Other published sources of resistance also co-locate to the chromosomal region (Gidner et al., 2005; Grimmer et al., 2007 Grimmer et al., , 2008 .
Here, an 850-bp hidden Markov model (HMM) of a canonical beet NB-ARC domain was constructed from predicted mRNA nucleotide sequences and deployed to identify tentative NB-ARC sequences in a new sugar beet genome assembly (www.ncbi.nlm.nih.gov/assembly/ GCA_002917755.1). This genome was assembled from PacBio long reads, then scaffolded with BioNano optical mapping and Hi-C proximity-guided assembly. The resulting EL10 genome provides an opportunity to investigate duplicated and repetitive sequences that were previously difficult to resolve and place in their genomic context. The HMM scan revealed 231 tentative NB-ARC loci with homology to the NB-ARC model in this genome sequence.
RESULTS

Identification of NLR sequences in EL10
An HMM of B. vulgaris NB-ARC domains was developed using nucleotide sequences to allow direct interrogation of the genome assembly. A preliminary EL10 predicted protein set contained 185 proteins with NB-ARC domains. Transcript sequences corresponding to these predicted domains were filtered for lengths above 400 bp and expect values (e-values) below 1 9 e À10 then realigned and converted into an HMM of 850 bp. Probing the EL10 genome with this nucleotide-based HMM identified 250 sequences with similarity to the NB-ARC domain model. Domain lengths ranged from 54 to 933 bp, and included 183 of the 185 domains in the predicted protein set. Two domains from the predicted protein set that were not identified by nucleotide HMM had e-values of 3.1 e À6 and 3.3 e À11 , suggesting divergence from both the model in the Pfam database as well as the HMM generated from the bulk of NB-ARCs in B. vulgaris. The 250 initial domains were named Bv.nbarc.0001 through to Bv.nbarc.0250 (Table S1 ). Some domains appeared to be incomplete fragments that could be joined together with a nearby fragment to form a single domain. In these cases, distances between fragments ranged from 39 bp to 7.2 kb. A BLAST search of the incomplete domains against the predicted gene set revealed that pairs of domains aligned to the same transcript, supporting the hypothesis that these fragments should be merged (Table S2 ). These fragments were joined with adjacent domains to form 18 distinct NB-ARC domains for subsequent analysis, including one set of three domains. This resulted in 231 tentative NB-ARC-like domains identified in the EL10 genome assembly, 48 of which were not present in the predicted proteins (Table S1 ).
acid HMM matches included 21 with e-values above 1 9 e À10 and lengths less than 400 bp. These matches were withheld from the initial analysis due to difficulty incorporating partial sequences into the alignment and phylogeny. The remaining 210 high-confidence matches revealed distinct clades with bootstrap support between 50 and 100 (Figures 1 and S1 ). NB-ARC subfamilies, as revealed by the phylogeny, were defined as sequences sharing at least 60% pairwise identity, resulting in 27 subfamilies identified in total, named Sf. 1-27 (Figure 1 ). The 21 low-confidence HMM sequences were added to the initial tree using the evolutionary placement algorithm (EPA) of RAxML (Figure 1 ), resulting in 204 sequences assigned to 27 subfamilies and 27 independent sequences (Table S1 ). The largest subfamily contained 22 loci, and six of the 27 subfamilies were composed of two loci. Domains with lengths less than 400 bp and/or above an HMM e-value of 1 9 e À10 were distributed throughout the phylogeny.
Physical organization of NB-ARC domains and cluster analysis
Relationships between sequence identity and physical location of the NB-ARC domains were examined to assess gene family diversification. Genomic locations of NB-ARCs were classified as clusters or singletons (Figure 2 ). Clusters were defined as loci within 200 kb of their nearest neighbor. A total of 183 loci was found in 47 clusters, whereas 48 loci were singletons. There were NB-ARCs on each of the nine chromosomes, with 61.9% (143 of 231) occurring on Chromosomes 2, 3 and 7. Depending on whether the clustered loci came from the same or different subfamilies, 32 clusters were homogeneous and 15 were heterogeneous. Links between subfamilies ( Figure 3 ) were used to juxtapose the phylogenetic relationships and physical locations of domains in the genome. Some subfamilies were clustered at one or two positions (e.g. Sf. 1, 4, 17 and 21), while others were distributed across five or more locations (e.g. Sf. 7, 8, 12 and 25) .
Domain composition of proteins associated with genomic NB-ARC sequences
Proteins associated with predicted NB-ARC domains were assayed for domain composition to determine the number and type of NLRs in the EL10 assembly. Preliminary gene annotations of the EL10 whole genome assembly overlapped 208 of the 231 NB-ARC predictions. The overlapping proteins were analyzed using InterProScan to determine their cis-linked domain content (File S1). Whole-protein domain organization indicated CC-NB-LRR was the most common domain arrangement (76 instances), followed by NB-LRR (69 instances). The most abundant domains observed were NB-ARC (183 predictions) and P-loop NTPase (180), which is a component of the NB-ARC domain (Table 1 ). Other abundant domains were LRRs from several classes, including IPR032675 (155 predictions), IPR001611 (61), IPR003591 (20), IPR006553 (1) and IPR013210 (1). Seven proteins contained predicted AAA+ ATP hydrolase cis-domains, which overlapped predicted NB-ARC domains, however AAA+ e-values were low (0.029 to 4.4 9 e À6 ), and may be spurious due to weak similarity between the AAA+ domain and the NB-ARC (Martin and Lupas, 2013 ). An additional 38 non-CC, non-NB or non-LRR cis-domains were found across 24 proteins, which may be additional components of disease resistance (Table 1) . A summary of the CC, TIR, NB and LRR organizations of the NB-ARC associated proteins is provided in Table 2 . Partial NB-ARC sequences detected by the HMM analysis
Seven HMM matches had lengths less than 100 bp and e-values between 0.65 and 4.7 9 e À10 , yet were associated with predicted proteins (Table 3) . Inspection of these proteins revealed one partial NB-ARC domain detected by Pfam (Bv.nbarc.0098), with a length of 70 amino acids and an e-value of 1.6 9 e À8 . Other proteins contained LRRs with unusual domains; VQ (a short valine and glutaminecontaining motif of unknown function), RNA-recognition motif, winged helix-turn-helix DNA binding domain, and tetra-or pentatricopeptide repeats ( 
Proteins overlapping the HMM-based NB-ARC domains are shown in the first column as 'HMM-associated'. Proteins with NB-ARC domains in the predicted protein set are shown as 'predicted proteins only'. Count is the number of proteins with one or more of the listed domains. HMM matches were also part of Sf. 8, located on Chromosomes 3, 4 and 7 (Figure 2) . A BLASTx search using these domains identified three homologous proteins in RefBeet 1.2.2 predicted proteins, and these also contained CC, LRR, VQ and B3 DNA-binding cis-domains, but not NB-ARC (Table S3 ). The HMM that was designed to detect NB-ARC domains also detected a short homologous sequence that appeared to be present in predicted LRR-containing proteins and perhaps could represent diverged NB-ARC domains.
Cross-validation of R-gene domain organization
Each of the 231 nucleotide domain sequences was queried against the RefBeet protein set to cross-validate class assignments (Table S1 ). Domain organizations from the two protein sets were in agreement for 118 loci. Disagreements were resolved using the union of both sets, resulting in 204 NB-ARC-containing protein models in EL10 and RefBeet (Table 2) . A total of 180 EL10 NB-ARC loci had similarity to 148 RefBeet proteins, using a minimum 90% identity threshold. Twenty-one NB-ARC HMMs matched EL10 genome without de novo predicted proteins, compared with 48 matches in the RefBeet 1.2.2 protein set. When data were combined, 12 NB-ARC HMM predictions were found without a predicted protein observed in either genome.
TIR detected in Beta vulgaris
InterProScan identified five proteins with TIR domains (IPR000157) on five chromosomes ( (Table 4) . To our knowledge, protein EL10Ac6 g13736 is the first indication of TIR-NLR presence in B. vulgaris .
Orthology
Each of the 231 NB-ARC HMM matches was used as a BLASTx query against the curated UniProt Swiss-Prot database to investigate the relationship between B. vulgaris NB-ARC domains and those from other species (Table S4) . The single best-scoring match (by e-value) was retained as a classifier of the domains phylogenetic subfamilies. Fifteen sequences had no matches, using an e-value cutoff of 1 9 e À5 . The best-scoring matches (e > 1 9 e À5 ) were The combined number was derived from the union of the domain predictions. placed in the B. vulgaris phylogeny using RAxML EPA as before ( Figure S2 ). Phylogenetic Sf. 1-7 were predominantly associated with 16 different proteins annotated from Arabidopsis thaliana, Sf. 8-17 were associated with a mix of annotated A. thaliana and Solanum bulbocastanum proteins, while Sf. 18-27 were associated with S. bulbocastanum. The closest homolog of Bv.nbarc.0184 was Nicotiana glutinosa resistance protein N, a TIR-NB-LRR (TNL) class resistance gene, further supporting the assignment of Bv.nbarc.0184 to the TNL class of resistance loci.
Characterization of NB-ARC surrounding Rz2
The Rz2 gene sequence (Capistrano-Gossmann et al., 2017) overlapped Bv.nbarc.0121 at 9.3 MB on Chromosome 3 (Figure 4 ). Previous estimates of the genetic distance between Rz1 and Rz2 resistance loci range from 5 to 20 cM (Barzen et al., 1997; Stevanato et al., 2015) . The 20 MB surrounding the Rz2 gene contained 25 other NB-ARC-like sequences (Figure 4) . Twenty-one of these were assigned to seven phylogenetic subfamilies, and four additional trans-domains lacked a subfamily association. Twenty-four loci were contained within eight physical clusters (i.e. domains located within 200 kb of each other), while two of the loci (including Rz2) were not clustered (i.e. singletons). Rz1 likely resides within this 20 MB interval; however, no obvious candidate was detected for Rz.
Description of the Rz2 locus and phylogenetic subfamily
The Rz2 gene in EL10 showed approximately 8 kb of Gypsy and Helitron elements inserted, as reported by CapistranoGossmann et al. (2017) . The Bv.nbarc.0121 domain associated with Rz2 was part of Sf. 26, which had 17 members unevenly distributed across five chromosomes. Sf. 26 was comprised of two large clades, two small clades of two domains each, and one basal domain (Figure 1 ). The basal member of its clade, Bv.nbarc.0194 domain, appeared to be a singleton on Chromosome 7, and the six remaining domains associated with the Bv.nbarc.0194 subclade formed a homogeneous physical cluster on Chromosome 9 (Figure 2) . The other large clade within Sf. 26 was similarly dispersed, with the Bv.nbarc.0047/0048 domain on Chromosome 2 and the other four members of Sf. 26 located within 2 MB of each other on Chromosome 3 (Figure 2 ).
DISCUSSION
NLR genes in plants exist as large families with capacity for diversification and differentiation. Diversification may be the result of co-evolution of plants and pathogens adapting to molecular changes in their adversaries. The diversity that makes disease resistance possible also confounds understanding the underlying genetics. Here we have taken steps towards identifying NLR resistance gene analogs in the EL10 genome using a novel nucleotidebased model search, and clarifying NLR gene family number and context in the agronomically important Rz resistance region.
Nucleotide binding domains of NLR genes are highly conserved across plant and animal species Seo et al., 2016; Urbach and Ausubel, 2017) . Identifying these domains through homology-based approaches is an established method of NLR gene detection (Meyers et al., 2003; Monosi et al., 2004; Zhou et al., 2004) . We extended NB-ARC domain detection beyond predicted protein-coding genes by using a nucleic acid-based search model to search for more distantly-related and perhaps ancestral sequences. Adding searches strategies based on homology to known proteins at the nucleic acid level might reveal diverged or inactivated sequences that are not recognized by current gene prediction algorithms. An expanded search was accomplished using a nucleic acid- based HMM applied directly to genomic sequence, which identified 48 putative NB-ARC signatures not present in the predicted protein set. The 5 0 -ends of NLR resistance genes are often thought to be associated with signaling, aggregation or other processes downstream of pathogen perception. Two common domains at this position are CC and TIR, with numerous species containing both CC and TIR resistance genes (Arabidopsis, various Solanaceae, lettuce), while some species had been thought to contain only CC genes (e.g. monocots; Pan et al., 2000; Meyers et al., 2003; Monosi et al., 2004; Zhou et al., 2004; Shao et al., 2014; Christopoulou et al., 2015; Christie et al., 2016; van Ghelder and Esmenjaud, 2016) . This paradigm was revised due to the discovery of a second class of TIR domain persisting as a small family in all flowering plants, called TIR_2 (Nandety et al., 2013; Sarris et al., 2016) . Until now, it was thought that B. vulgaris did not contain any TIR-type NLRs (Tian et al., 2004). TIR, TIR-NB and TIR-NB-LRR proteins were detected in EL10. Both TIR (PF01582) and TIR_2 (PF13676) domains were found, extending the evolutionary placement of these domains to the Caryophyllales. Further genomic analysis of diverse B. vulgaris accessions should help resolve the prevalence and diversity of TNL resistance gene analogs in sugar beet and advance efforts to identify additional molecular sources of disease resistance in this species.
There were 38 non-CC-TIR-NB-LRR domain types detected in NLR proteins from EL10 (Table 1) . Kroj et al. (2016) identified 94 non-CC/TIR/NB-ARC/LRR domains across 31 genomes as hypothetical integrated decoys (van der Hoorn and Kamoun, 2008; Cesari et al., 2014) . Three of the 94 integrated domains were present in more than one species, one of which was also found in an EL10 NLR (kinase IPR011009). The Hs1pro-1 gene, a historically important sequence for plant nematode resistance, contained N-terminal leucine-rich repeats, a transmembrane domain, but no CC, TIR or NB-ARC (Cai et al., 1997) . Similarly, our analysis identified proteins interspersed in a large cluster of NLRs on Chromosome 3 containing LRR domains but not full NB-ARCs. Possible defense-related domains in the EL10 NB-ARC-associated proteins included calmodulin-binding protein 60 (CBP60, found in positive regulators of plant immunity), various second messenger system components (such as phosphatases and kinases), an RNAse H (IPR012337), and a poorly-characterized phloem protein-2-like domain (IPR025886) that was suggested to function in defense against phloem-sucking insects (Dinant et al., 2003; Kehr, 2006) . Regulators of chromatin condensation domains in EL10 NLRs (IPR000408 and IPR009091) could also be involved in defense responses (Latrasse et al., 2017) . The single EL10 NLR-associated concavalin-A-like lectin/glucanase domain could be associated with decoy function related to perception of pathogen carbohydrate signatures (R€ udiger and Gabius, 2002) .
The disease rhizomania is a major concern for sugar beet production worldwide (Biancardi and Tamada, 2016) . Two sources of resistance have been commercially deployed, both derived from the sea beet, B. vulgaris spp. maritima, a wild relative of cultivated B. vulgaris (Lewellen, 1991; Biancardi et al., 2002) . Two loci on Chromosome 3 confer resistance, Rz1 and Rz2, and additional loci have been described (Grimmer et al., 2008; Stevanato et al., 2015; Litwiniec et al., 2016) . Generation of molecular markers across the Rz region has been ongoing for over two decades (Barzen et al., 1992 (Barzen et al., , 1997 Scholten et al., 1999; Francis and Luterbacher, 2003; Gidner et al., 2005; Grimmer et al., 2008; Stevanato and Trebbi, 2012; Stevanato et al., 2015) . Long after being reported as a separate source of resistance, a specific CC-NB-LRR gene associated with Rz2 was identified (Capistrano-Gossmann et al., 2017) . The molecular basis of Rz1 resistance is still poorly understood (Lewellen, 1991; Biancardi and Tamada, 2016) .
Seven phylogenetic subfamilies of NB-ARCs have members on the arm of Chromosome 3 associated with rhizomania resistance (Figure 4) . Multiple tandem duplication events appear to have generated three distinct interspersed subfamilies in this 20 MB region. For instance, Sf. 26 had separate clusters at 11 and 22 MB, one of which included the Rz2-associated domain Bv.nbarc.0121 (Figure 4 ). These two clusters formed well-supported independent subclades in the phylogenetic analysis of the Rz region, supporting the hypothesis that these domains arose from localized tandem duplications rather than large-scale segmental duplication. Another clade within Sf. 26 appears to be the result of a progenitor sequence, represented by Bv.nbarc.0194, being translocated from Chromosome 7 to Chromosome 9 and subsequently duplicating into six new copies (Figures 1-3) . The chromosome context of disease resistance genes could be a key component of local duplications and could play a critical role in the generation of new disease resistance (Liu et al., 2005; Pferdmenges et al., 2009; Bornemann and Varrelmann, 2013; Bornemann et al., 2015) .
The design of novel resistance genes has been demonstrated with some success in Arabidopsis, where a target of NLR surveillance was modified to interact with a different pathogen, causing new resistance specificity . NLRs transferred between closely-related species, as well as between monocots and dicots, have successfully conferred disease resistance (Jacob et al., 2013; Narusaka et al., 2013) . New strategies are emerging capable of reducing fitness costs of engineered resistance (Xu et al., 2017) . The ability to design resistance genes and edit them into plant genomes is quickly becoming reality, and will be facilitated by contiguous genome assemblies able to resolve duplicated sequences and repetitive elements.
Methods to identify functional resistance genes in diverse accessions of crops and their wild relatives are of continuing importance to agricultural sustainability. Nucleotide-based HMMs provide a tool for screening new genome assemblies without the need for computational prediction of transcripts or proteins. The NB-ARC HMM generated here was able to detect fragmented NB-ARC sequences, which is an important feature given that de novo assemblies are often composed of contigs of geneor exon-sized fragments. A single reference genome does not capture the sequence diversity of a species (Lam et al., 2010; Horton et al., 2012; Schnable et al., 2012; Zhang et al., 2012; Hirsch et al., 2014; Hardigan et al., 2016) . Fragmented NLR loci detected in one genome could be the site of full-length resistance alleles in other accessions. This is the case for the Rz2 locus, which is interrupted by an~8-kb transposable element in some accessions (CapistranoGossmann et al., 2017) , making detection by homologybased methods more difficult. HMM searches could help generate molecular markers able to track resistance gene 
EXPERIMENTAL PROCEDURES
A five-generation inbred of the sugar beet genome named 'EL10' was assembled using several approaches. Briefly, one inbred plant was chosen for Illumina sequencing, optical mapping (Tang et al., 2015) , PacBio RSII sequencing (using P6-C4 chemistry) and Hi-C scaffolding (van Berkum et al., 2010; Burton et al., 2013) , and was largely able to reduce the number of scaffolds to the same number of chromosomes in beet (e.g. n = x = 9). Scaffolds were polished and gap-filled using a combination of approaches (PBJelly, Arrow, Pilon following Bickhart et al., 2017) , and EL10 scaffolds showed high concordance with genetic maps and the RefBeet genome sequence (Dohm et al., 2014) . This Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank under the accession PCNB00000000. The version used in this paper is version PCNB01000000 (https://www.ncbi.nlm.nih.gov/ assembly/GCA_002917755.1). The full genome sequence, gene annotations and predicted NB-ARC domains are available for download and to browse at the Comparative Genomics portal (https://genomevolution.org/coge/GenomeInfo.pl?gid=37197).
Building the Beta vulgaris NB-ARC model
Predicted protein sets were generated with the MAKER pipeline (Law et al., 2015) and analyzed with InterProScan v. 5.19-57.0 for NB-ARC (IPR002182) domains of 200 amino acids or more. The nucleic acid sequences underlying the NB-ARC protein domains were extracted, and a consensus alignment was derived from the nucleic-acid-based NB-ARC domains using MAFFT v 7.215 with the -leavegappyregion option (Katoh and Standley, 2013) . The nucleotide alignment was converted into an HMM using the hmmbuild function of HMMER v. 3.1b2 (hmmer.org; Appendix S1), and the resulting nucleic acid HMM was used to query the EL10 genomic sequence using the nhmmer function of HMMER v. 3.1b2.
Phylogenetic analysis
Preliminary phylogenetic analysis was restricted to genomic NB-ARC sequences with e-values lower than 1 9 e
À10
. A consensus alignment was created as described, and a phylogenetic tree was constructed using RAxML v. 8.0.6 (Stamatakis, 2014) . The '-f a' function was used to conduct a rapid Bootstrap analysis and search for the best-scoring maximum likelihood tree, in a single run using 1000 bootstrap replicates. The model of substitution was GTRGAMMA. This process was repeated five times using different random number seeds, retaining the highest scoring tree. Placement of incomplete NB-ARC sequences onto the full tree was done with the EPA of RAxML (Berger et al., 2011) using the '-f v' command. Bootstrap values from the initial tree were combined with the EPA output using the labelled_tree function of Genesis software v. 0.19.0 (Czech and Stamatakis, 2017) . Trees were visualized with FigTree v1.4.2.
Association of NB-ARC sequences with other domains
Custom python scripts (available from the authors) were used to assess overlap between predicted NB-ARC domains and preliminary gene predictions in the EL10 genomic sequence. The preliminary gene predictions were analyzed with InterProScan v. 5.19-57.0, which incorporates a suite of feature detection applications, including SUPERFAMILY, PANTHER, Gene3D, Hamap, Coils, ProSiteProfiles, ProSitePatterns, TIGRFAM, PRINTS, Pfam, and ProDom . NB-ARC loci predicted from EL10 were used to extract cognate gene models, and these models were classified according to their combinations of CC, TIR, NB-ARC and LRR domains determined by the InterProScan analysis. The HMM-based NB-ARC sequences were also used as translated protein queries (BLASTx search v.2.2.3) against the predicted proteome of RefBeet v1.2.2 (Dohm et al., 2014) . Predicted proteins with at least 90% sequence identity were used to determine homology between EL10 and RefBeet sequences. RefBeet protein domains were identified using the same InterProScan method used for EL10. EL10 and RefBeet annotations were merged to create a consensus assignment of domains for each putative NB-ARC locus. Identification of domains other than CC, TIR, NB-ARC and LRR was based solely on the predicted protein set in the EL10 genome.
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